INTRODUCTION
============

Skin aging involves intrinsic and extrinsic aging ([@b25-pnfs-24-442]). Intrinsic aging occurs with the passage of time, whereas extrinsic aging occurs owing to exposure to external factors, such as harmful chemicals, air pollutants, and ultraviolet B (UVB) irradiation ([@b15-pnfs-24-442]). Extrinsic aging resulting from long-term exposure to UVB irradiation is called photoaging. During this process, UVB irradiation penetrates into the dermis and induces breakdown of skin components; this is associated with skin inflammation, DNA damage, and oxidative stress ([@b18-pnfs-24-442]). In particular, excessive generation of reactive oxygen species (ROS), a major element involved in stimulating oxidative stress, damages skin cells, which degrades and disorganizes extracellular matrix (ECM) components ([@b14-pnfs-24-442]).

UVB irradiation-induced ROS production activates mitogen-activated protein kinases (MAPKs), subsequently stimulating to formation of the activator protein-1 (AP-1) ([@b24-pnfs-24-442]; [@b10-pnfs-24-442]; [@b17-pnfs-24-442]). AP-1 increases the expression of matrix metalloproteinases (MMPs), which stimulate breakdown of ECM components, especially collagens ([@b30-pnfs-24-442]). Degrading collagens, main components involved in supporting dermal layers, lead to the destruction and collapse of skin structure ([@b23-pnfs-24-442]; [@b4-pnfs-24-442]). Therefore, downregulating MMP expression is an effective strategy to prevent and delay the development of photoaging-related symptoms, such as wrinkle formation and thickening in UVB-exposed skin ([@b1-pnfs-24-442]). In terms of new collagen formation in the ECM, AP-1 complex blocks type-I procollagen production and downregulates collagen gene expression in UVB-exposed skin cells ([@b12-pnfs-24-442]). Thus, photoaging is closely associated with both stimulating collagen breakdown and blocking collagen formation by suppressing type-I collagen synthesis and collagen gene expression ([@b29-pnfs-24-442]). Additionally, exposure to UVB irradiation enhances translocation of nuclear factor kappa-B (NF-κB) to the nucleus where it is mainly involved transcription of inflammatory cytokines ([@b22-pnfs-24-442]). The inflammatory responses induced by activation of NF-κB in UVB-exposed skin cells lead to MMP overexpression and collagen degradation ([@b2-pnfs-24-442]).

*Agastache rugosa* Kuntze, also known as Korean mint, is mainly found in Korea, Japan, and China. *A. rugosa* has been used as a food source and in traditional medicines to cure disease because it has varied bioactivities, which encompass anti-oxidant, anti-melanogenic, anti-atherogenic, anti-inflammatory, and anti-fungal properties ([@b11-pnfs-24-442]; [@b16-pnfs-24-442]). Previously, *A. rugosa* leaf extract was shown to reduce photoaging by activating glutathione and superoxide dismutase (SOD) in human keratinocytes (HaCaT) ([@b20-pnfs-24-442]). However, the anti-photoaging effect of *A. rugosa* extract (ARE) and the underlying mechanisms in human dermal fibroblasts (HS68) have not yet been proven. Here, we determined the attenuating effect of ARE on photoaging in UVB-treated human dermal fibroblasts by examining the underlying molecular mechanisms.

MATERIALS AND METHODS
=====================

Preparation of ARE
------------------

ARE was obtained from Cosmax NBT (Seoul, Korea). The dried aerial parts of *A. rugosa* were extracted with water at 95°C for 4 h. ARE filtrates were evaporated, and the final yield of ARE was 10% (w/w).

Cell culture and UVB irradiation
--------------------------------

HS68 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco's modified Eagle's medium (HyClone Laboratories, Inc., Logan, UT, USA) containing 120 U/mL penicillin and 75 μg/mL streptomycin (Invitrogen, Grand Island, NY, USA), and 10% fetal bovine serum (HyClone Laboratories, Inc.) in a humidified atmosphere of 5% CO~2~ at 37°C. To induce photoaging, the cells were exposed to UVB irradiation (15 mJ/cm^2^) by using a UV crosslinker CL-1000M (Ultra-Violet Products Ltd., Cambridge, UK).

Cell viability
--------------

After UVB irradiation, HS68 cells were treated with several concentrations of ARE dissolved in serum-free medium for 24 h. After 24 h, the cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich Co., St. Louis, MO, USA) solution (0.5 mg/mL) for 4 h in 5% CO~2~ atmosphere at 37°C. After the removal of MTT solution, the absorbance of insoluble formazan dissolved in dimethyl sulfoxide was recorded using a VERSAmax tunable microplate reader (Molecular Devices Inc., Sunnyvale, CA, USA) at 540 nm. No significant cytotoxicity of ARE (up to 20 μg/mL) was observed (data not shown). Therefore, ARE (≤20 μg/mL) was used for further experiments.

Measurement of ROS production
-----------------------------

After treatment with ARE and UVB exposure, cells were incubated with 2,7-dichlorofluorescein diacetate (Sigma-Aldrich Co.) in a CO~2~ incubator at 37°C for 30 min. Subsequently, the cellular fluorescence was recorded using a SpectraMax Gemini EM microplate spectrofluorometer (Molecular Devices Inc.).

Western blot analysis
---------------------

Cells were lysed with NP40 lysis buffer (Elpis-Biotech, Daejeon, Korea) supplemented with 0.2% protease inhibitor cocktail (Sigma-Aldrich Co.). After centrifugation at 16,000 *g* at 4°C for 15 min, the concentration of protein in the supernatant was evaluated by Bradford solution (Bio-Rad Laboratories, Inc., Hercules, CA, USA) with bovine serum albumin (bioWORLD, Dublin, OH, USA) used as a standard. Equal amounts of proteins in each group were subjected to 8\~10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis for 90 min at 110 V. The separated proteins were transferred onto nitrocellulose blotting membranes (GE Healthcare, Piscataway, NJ, USA) for 1 h at 110 V. After nonspecific sites were blocked with 5% skimmed milk (Difco Laboratories Inc., Detroit, MI, USA), membranes were immunoblotted with primary antibodies against NF-κB, phospho (p)-p38, p-extracellular signal-regulated kinase (p-ERK), p-c-Jun N-terminal kinases (p-JNK), and c-Fos (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA.); and p-c-Jun, c-Jun, ERK, JNK, p38, and α-tubulin (Cell Signaling Technology, Danvers, MA, USA) at room temperature for 4 h. After washing three times in Tris-buffered saline (Dynebio, Gyeonggi, Korea) containing Tween 20, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse secondary antibodies (Bethyl Laboratories, Montgomery, TX, USA) at room temperature for 1 h. Enhanced chemiluminescence solution (Amersham BioSciences UK Ltd., Little Chalfont, UK) was used to develop the membranes. The band of protein was visualized using a G:BOX EF imaging system (Syngene, Cambridge, UK) and the GeneSys program.

Measurement of type-I procollagen contents
------------------------------------------

After treatment with ARE and UVB exposure, the type-I procollagen content of the medium was evaluated using a human procollagen I alpha 1 enzyme-linked immunosorbent assay kit (Abcam, Cambridge, MA, USA), according to the company's protocol. Absorbance was recorded using a VERSAmax tunable microplate reader (Molecular Devices Inc.) at 450 nm.

Reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

RNAiso Plus (Takara Bio Inc., Kusatsu, Japan) was used for isolation of total RNA from cells. The quantity and quality of the isolated mRNA were spectrophotometrically determined using a NanoDrop Lite spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The mRNA was reverse-transcribed to cDNA with RT PreMix (Elpis Biotech, Daejeon, Korea). Next, the cDNA of target genes was amplified using specific primers and HiPi PCR PreMix (Elpis Biotech). The list of primer sequences is shown in [Table 1](#t1-pnfs-24-442){ref-type="table"}. Amplification was carried out over 25\~30 cycles; denaturation for 30 s at 94°C, annealing for 1 min at 56\~60°C, and extension for 1 min at 72°C. PCR experiments were carried out using a SimpliAmp Thermal Cycler (Applied Biosystems, Hercules, CA, USA). The amplified cDNA was stained with Loading star (Dynebio) and separated for 30 min in a Mupid electrophoresis chamber (Advance, Tokyo, Japan) on 1.5% agarose gel. The bands of target genes were visualized with G:BOX EF imaging system (Syngene) and GeneSys program.

Statistical analysis
--------------------

All experiments were carried out three or more times. Data are shown as the mean±standard deviation (SD) and were analyzed using one-way analysis of variance (ANOVA). Intergroup differences were evaluated by Scheffe's test using SPSS 24.0 (SPSS Inc., Chicago, IL, USA). Statistical significance is indicated by *P*\<0.05 or *P*\<0.01. Hash tags and astericks denote significant differences compared to control cells and UVB-treated cells, respectively.

RESULTS AND DISCUSSION
======================

ARE suppresses ROS production and increases anti-oxidant enzyme expression
--------------------------------------------------------------------------

Excessive production of ROS is a major cause of photoaging in UVB-irradiated skin, and can further induce oxidative stress and MMP expression ([@b21-pnfs-24-442]). Thus, inhibition of UVB-induced ROS production could be an effective strategy to prevent photoaging. The ability of ARE to scavenge free radicals, and thereby exert anti-oxidant effects, was previously reported ([@b7-pnfs-24-442]). Moreover, the phytochemicals, acacetin, and rosmarinic acid, which are present in ARE, have been reported to possess anti-oxidant activities ([@b5-pnfs-24-442]; [@b13-pnfs-24-442]). Based on these studies, we evaluated the anti-oxidant properties of ARE in UVB-exposed human dermal fibroblasts by examining total levels of intracellular ROS. UVB irradiation markedly increased ROS generation; however, ARE treatment dose-dependently alleviated ROS production by 92% (10 μg/mL) and 142% (20 μg/mL), compared with UVB-treated HS68 cells ([Fig. 1A](#f1-pnfs-24-442){ref-type="fig"}). These results indicate that ARE exhibits anti-oxidant activity by suppressing UVB-induced ROS production. We also examined mRNA expression of anti-oxidant enzymes in UVB-treated HS68 cells. It was reported that UVB-induced ROS led to cellular senescence in dermal fibroblasts ([@b31-pnfs-24-442]). As anti-oxidant enzymes protect skin from UVB-induced thickening and wrinkle formation, it may be necessary to enhance the activities of these enzymes to prevent photoaging ([@b8-pnfs-24-442]). According to a previous study, linarin, an active compound in ARE, markedly increased expression of the major anti-oxidant enzyme catalase in lipopolysaccharide-stimulated mouse lung tissues ([@b9-pnfs-24-442]). We evaluated mRNA expression of the anti-oxidant enzymes catalase, SOD, and glutathione peroxidase (GPx) in cells treated with ARE. UVB irradiation reduced expression of all three transcripts; however, mRNA expression levels of these enzymes were markedly elevated after ARE treatment ([Fig. 1B](#f1-pnfs-24-442){ref-type="fig"}). Taken together, the reduction of UVB-stimulated ROS production and elevated expression of anti-oxidant enzymes suggest that ARE has potent anti-oxidant properties.

ARE suppresses UVB-induced MMP expression through the downregulation of the MAPK/AP-1 pathway
---------------------------------------------------------------------------------------------

UVB irradiation stimulates MAPKs, which promotes heterodimerization of proteins in the AP-1 complex. Enhancement of the MAPK/AP-1 signaling pathway promotes upregulation of MMP expression, which subsequently results in breakdown of ECM components, such as elastic fibers, glycosaminoglycans, and collagens. Consequently, this signaling cascade results in photoaging-related phenotypes, including wrinkle formation, epidermal thickening, and skin dryness ([@b6-pnfs-24-442]). It was reported that UVB exposure upregulated the pro-MMP-2 and −9 expression; however, probiotic-fermented ARE decreased the MMP expression in UVB-induced HaCaT cells ([@b28-pnfs-24-442]). Based on this effect of ARE, we evaluated the expression of MMPs, MAPK, and AP-1 in UVB-irradiated HS68 cells. UVB treatment markedly increased MMP mRNA expression; however, treatment with ARE significantly decreased their expression ([Fig. 2A](#f2-pnfs-24-442){ref-type="fig"}). In this study, the MAPK signaling pathway was activated in the UVB-exposed cells. However, ARE significantly decreased MAPK expression, compared with UVB-irradiated HS68 cells ([Fig. 2B](#f2-pnfs-24-442){ref-type="fig"}). In comparison with untreated cells, UVB irradiation significantly upregulated protein expression of the AP-1 components p-c-Jun and c-Fos, whereas ARE downregulated p-c-Jun and c-Fos ([Fig. 2C](#f2-pnfs-24-442){ref-type="fig"}). Collectively, these data indicate that ARE decreases UVB-induced MMPs expression by inactivating the MAPK/AP-1 signaling pathway.

ARE increases type-I procollagen production and collagen expression
-------------------------------------------------------------------

UVB irradiation stimulates collagen breakdown by increasing the expression of MMPs and downregulates expression of collagen genes by activating the AP-1 complex ([@b4-pnfs-24-442]). These responses alter the ECM architecture, resulting in wrinkle formation, elastosis, and skin dryness ([@b12-pnfs-24-442]). Since ARE was revealed to reduce MMP expression by inhibiting MAPK/AP-1 cell signaling in UVB-treated HS68 cells, we evaluated the effect of ARE on regulation of genes related to collagen synthesis and production of type-I procollagen. The expression of the collagen genes \[collagen type I α 1 (COL1A1), collagen type III α 1 (COL3A1), collagen type IV α 1 (COL4A1), and collagen type VII α 1 (COL7A1)\] was significantly reduced in UVB-treated HS68 cells. However, ARE markedly upregulated mRNA expression of collagen genes ([Fig. 3A](#f3-pnfs-24-442){ref-type="fig"}). ARE treatment prevented UVB irradiation from reducing type-I procollagen production in a dose-dependent manner. Specifically, at a dose of 20 μg/mL, ARE increased type-I procollagen content by 27% ([Fig. 3B](#f3-pnfs-24-442){ref-type="fig"}). Consistent with these current results, *A. rugosa* recovered skin barrier function by increasing expression of collagens in atopic dermatitis-induced mice (Seo, 2014). This study demonstrates that ARE attenuates skin photoaging by activating type-I procollagen production and improving collagen synthesis in UVB-irradiated HS68 cells.

ARE inhibits UVB-induced inflammation
-------------------------------------

Previous study showed that UVB irradiation elevated inflammatory responses by activating NF-κB and stimulating expression of NF-κB-mediated inflammatory cytokines ([@b3-pnfs-24-442]). UVB-induced inflammatory responses upregulate MMP expression, resulting in skin dehydration, psoriasis, and erythema ([@b26-pnfs-24-442]). Here, mRNA expression of inflammatory mediators was examined in UVB-exposed HS68 cells. UVB irradiation elevated protein expression of NF-κB, which was inhibited by ARE ([Fig. 4A](#f4-pnfs-24-442){ref-type="fig"}). In addition, mRNA expression of NF-κB-stimulated inflammatory cytokines was decreased in calls treated with ARE, compared with UVB-irradiated HS68 cells ([Fig. 4B](#f4-pnfs-24-442){ref-type="fig"}). The anti-inflammatory effect of ARE was reported in an osteosarcoma cell line, accompanied by downregulation of interleukin-1β and tumor necrosis factor-α ([@b19-pnfs-24-442]). Consistent with this report, our data showed that ARE exhibited strong anti-inflammatory effects, thereby playing a critical role in anti-photoaging property by suppressing expression of NF-κB and pro-inflammatory cytokines. Taken together, these results suggest that ARE could be used as an anti-photoaging agent owing to its alleviation of UVBinduced skin inflammatory responses.

In this study, the anti-photoaging effect of ARE was investigated in UVB-irradiated human dermal fibroblasts. ARE suppressed UVB-induced oxidative stress by reducing production of ROS and by increasing expression of anti-oxidant enzymes. In addition, ARE attenuated UVBactivated MAPK/AP-1 signaling, resulting in downregulation of MMP expression. Moreover, ARE both upregulated expression of collagen genes and increased production of procollagen. Further, ARE alleviated UVB-stimulated inflammatory responses by suppressing expression of inflammatory cytokines. Collectively, our findings suggest that ARE could be a potential candidate for skin anti-photoaging treatment. To develop ARE as a novel anti-photoaging agent, potentially as an ingredient in functional foods or nutraceuticals, the anti-photoaging effect of ARE should be verified in animal studies and clinical trials.
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![Anti-oxidant effect of *Agastache rugosa* extract (ARE). (A) Effect of ARE on reactive oxygen species (ROS) production in Ultraviolet B (UVB)-treated HS68 cells. (B) Reverse transcription-polymerase chain reaction analysis of the expression of catalase, superoxide dismutase (SOD), and glutathione peroxidase (GPx) after ARE (10 and 20 μg/mL) treatment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. Data are expressed as mean±SD of three independent experiments. ^\#\#^*P* \<0.01 compared with the control group. \**P* \<0.05 and \*\**P* \<0.01 compared with the UVB-treated cells.](pnfs-24-442f1){#f1-pnfs-24-442}

![Effect of *Agastache rugosa* extract (ARE) on ultraviolet B (UVB)-induced matrix metalloproteinase (MMP) expression and mitogen-activated protein kinase (MAPK)/activator protein-1 (AP-1) signaling. (A) Reverse transcription-polymerase chain reaction analysis of the expression of matrix metalloproteinase (MMP)-1, MMP-2, MMP-9, and MMP-13 after ARE (10 and 20 μg/mL) treatment. (B) Western blot analysis of the expression of p-extracellular signal-regulated kinase (ERK), ERK, p-c-Jun N-terminal kinase (JNK), JNK, p-p38, and p38 after ARE (10 and 20 μg/mL) treatment. (C) Western blot analysis of the expression of p-c-Jun, c-Jun, and c-Fos after ARE (10 and 20 μg/mL) treatment. α-Tubulin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as housekeeping genes. Data are expressed as mean±SD of three independent experiments. ^\#\#^*P* \<0.01 compared with the control group. \**P* \<0.05 and \*\**P* \<0.01 compared with the UVB-treated cells.](pnfs-24-442f2){#f2-pnfs-24-442}

![Effect of *Agastache rugosa* extract (ARE) on collagen synthesis and type-I procollagen production. (A) Reverse transcription-polymerase chain reaction analysis of the expression of collagen type I alpha 1 (COL1A1), collagen type III alpha 1 (COL3A1), collagen type IV alpha 1 (COL4A1), and collagen type VII alpha 1 (COL7A1) after ARE (10 and 20 μg/mL) treatment. (B) Type-I procollagen content after ARE (10 and 20 μg/mL) treatment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene. Data are expressed as mean±SD of three independent experiments. ^\#\#^*P* \<0.01 compared with the control group. \*\**P* \<0.01 compared with the UVB-treated cells.](pnfs-24-442f3){#f3-pnfs-24-442}

![Effect of *Agastache rugosa* extract (ARE) on inflammatory cytokine levels. (A) Western blot analysis of the expression of nuclear factor-kappa B (NF-κB) after ARE (10 and 20 μg/mL) treatment. (B) Reverse transcription-polymerase chain reaction analysis of the expression of IL-1β, IL-6, and IL-8 after ARE (10 and 20 μg/mL) treatment. α-Tubulin and GAPDH were used as housekeeping genes. Data are expressed as mean±SD of three independent experiments. ^\#\#^*P* \<0.01 compared with the control group, \*\**P* \<0.01 compared with the UVB-treated cells.](pnfs-24-442f4){#f4-pnfs-24-442}

###### 

Nucleotide sequences of primers using in reverse transcription-polymerase chain reaction (RT-PCR) experiments

  Gene                 Sequence (5′→3′)
  ---------- --------- --------------------------
  Catalase   Forward   GCCACAGGAAAGTACCCCTC
             Reverse   CGGTGAGTGTCAGCATAGGC
  SOD        Forward   ATGGCGACGAAGGCCGTGTG
             Reverse   GACCACCAGTGTGCGGCCAA
  GPx        Forward   TGGGCATCAGGAGAACGCCA
             Reverse   TGCGTAGGGGCACACCGTCA
  COL1A1     Forward   CACGACAAAGCAGAAACATC
             Reverse   ACACATCAAGACAAGAACGAG
  COL3A1     Forward   TGGTGCCCCTGGTCCTTGCT
             Reverse   TACGGGGCAAAACCGCCAGC
  COL4A1     Forward   TCCTGGCCTCCAGGGAATTA
             Reverse   ATCAACAGATGGGGTGCCTG
  COL7A1     Forward   CTGGGAGAGAAGGTCGTGATGG
             Reverse   TCCACATTCGGCACACTTCC
  MMP-1      Forward   AAGTCAAGTTTGTGGCTTATGG
             Reverse   GACTCATGTCTCCTGTCTCTTTCT
  MMP-2      Forward   CATACAAAGGGATTGCCAGGAC
             Reverse   ATCGCTCCAGACTTGGAAGG
  MMP-9      Forward   TCTATGGTCCTCGCCCTGAA
             Reverse   CATCGTCCACCGGACTCAAA
  MMP-13     Forward   CTATGGTCCAGGAGATGA AG
             Reverse   AGAGTCTTGCCTGTATCCTC
  IL-1β      Forward   AGCCATGGCAGAAGTACCTG
             Reverse   TCCATGGCCACAACAACTGA
  IL-6       Forward   ATGAGGAGACTTGCCTGGTG
             Reverse   ACAACAATCTGAGGTGCCCA
  IL-8       Forward   CCAGGAAGAAACCACCGGAA
             Reverse   CCTCTGCACCCAGTTTTCCT
  GAPDH      Forward   CTCCTGTTCGACAGTCAGCC
             Reverse   TCGCCCCACTTGATTTTGGA

SOD, superoxide dismutase; GPx, glutathione peroxidase; COL1A1, collagen type I alpha 1; COL3A1, collagen type III alpha 1; COL4A1, collagen type IV alpha 1; COL7A1, collagen type VII alpha 1; MMP, matrix metalloproteinase; IL, interleukin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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